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Abstract
We propose a model with A4 flavor symmetry for leptons and quarks in the framework of su-
persymmetric SU(5) grand unified theory (GUT). The running masses of quarks and charged
leptons at GUT scale (∼ 1016 GeV) are realized by the adjoint 24-dimensional Higgs multiplet
and additional gauge singlet scalar fields including flavons. In this paper, we focus on a result
of the quark and charged lepton masses and quark mixing since our present model is known
to reproduce recent experimental results of the neutrino mass and oscillation. Those results
are showed numerically.
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1 Introduction
The success of the standard model (SM) is widely confirmed by various experiments. However,
there are some mysterious origins which can not be explained by the SM. The origins of flavors
of fermions and charges of SM particles are famous examples. The remarkable developments
in the neutrino oscillation experiments have fueled us to make phenomenological models which
realize the lepton flavor mixing in various ways. It is popular method to assume some flavor
symmetry of S3, A4, S4, A5 and other large non-Abelian discrete groups [1–5]. Since it is difficult
to determine the true flavor model from within or out of them, it is important to test them by
different observations not only by the neutrino oscillation. Then, we extend a lepton flavor model
to explain quark mixing with the SU(5) framework and compare its results and observed Cabibbo-
Kobayashi-Maskawa (CKM) parameters [6] and running masses of quarks and leptons [7]. In the
GUT, the unification group is an origin of charges of SM particles [12]. However, it is a problem
that the charged leptons and down-type quarks are unified in SU(5) representation, which leads
to the wrong prediction of the charged lepton and down-type quark masses [8]. To consider
contributions from a Higgs multiplet of the adjoint representation is a popular method to make
a difference among the charged lepton masses and down-type quark masses in order to avoid this
problem [9].
In this paper, we consider a model with A4 flavor symmetry because it is a minimal group
which includes triplet irreducible representation and can explain three flavors of fermions natu-
rally. In addition, our model has Z3, U(1)FN and U(1)R symmetries which are necessary to forbid
unwanted couplings and explain the hierarchical masses of fermions. We note that there is no
U(1)FN charge in the neutrino sector and we already know that the results for neutrino mixing
parameters of this model [10] are consistent with the current experimental data [11]. Therefore,
we focus only on the results of quark mixing parameters and running masses of quarks and
leptons.
As we said above, the GUT explains the origin of charges of SM particles, on the other hand
it is not easy to realize observed fermion masses and mixing angles. Therefore, it is interesting
to explain the flavor and charge puzzle of fermions by a flavor symmetry in a specific GUT
framework [13, 14]. An earlier attempt to extend an A4 flavor model in the supersymmetric
(SUSY) SU(5) framework [15] proposed a simple model to realize required quark mixing and
tri-bimaximal mixing (TBM) for neutrinos. The reactor experiments measured non-zero value
of θ13 in 2012 [16, 17] and excluded TBM pattern of neutrino mixing. The non-zero value of θ13
was realized by an A4 symmetry in the SU(5) GUT in Refs. [18–21].
In our present model, we use the 24-dimensional adjoint Higgs multiplet H24 contribution to
make a difference between masses of down-quarks and charged leptons. Moreover, we introduce a
Froggatt-Nielsen (FN) field [22], Θ, to realize the observed fermion mass hierarchy. The flavons,
φT , φS, ξ and ξ
′, are also introduced in order to realize the latest neutrino oscillation experiments.
It is noted that ξ and ξ′ are coupled to the quarks not only to the leptons. If we determine the
vacuum expectation values (VEVs) of ξ and ξ′ from quark sector, we cannot find any contribution
to the lepton mixing parameters because these VEVs are absorbed in the corresponding Yukawa
coupling constants. The VEVs of those scalar fields determine the masses of quarks and leptons
for different flavors and explain the flavor mixing. The required VEV alignments are derived to
minimize the scalar potential, which is shown in this paper. We also show the numerical result
of quark mixing and masses of quarks and charged leptons at GUT scale (∼ 1016 GeV).
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The rest of this paper is composed as follows. In section 2, we give our framework of A4 flavor
model in SUSY SU(5) GUT. We also provide the potential analysis for corresponding scalar fields
in this section. In section 3, our numerical results for the quark and lepton masses and the quark
mixing is shown. Summary and discussions are given in section 4. We give a brief explanation
of the multiplication rule of A4 in Appendix A. In Appendix B, we show some relations among
the fermion mass ratios and the model parameters used in the numerical analysis.
2 A framework of SUSY SU(5) GUT
We illustrate our model in this section. In order to explain the flavor structure of quarks and
leptons simultaneously, we consider a A4 flavor model in SUSY SU(5) GUT. In addition, we also
impose Z3, U(1)FN and U(1)R symmetries on our model to eliminate unwanted couplings.
2.1 Particle contents and mass terms
We introduce some SU(5) singlet scalar fields such as φT , φS, ξ, ξ
′ and Θ to realize the observed
fermion mass hierarchy and flavor mixing. The fermion masses are proportional to the VEVs
of these scalar fields. The driving fields φT
0
, φS
0
and ξ0 are necessary to get non-zero VEVs of
the SU(5) singlet scalar fields. The VEVs of driving fields are zero. The charge assignment of
all the fermions and relevant scalar fields are summarized in Table 1. We also assume Majorana
neutrinos and the type-I seesaw mechanism [23–27] with additional three heavy right-handed
neutrinos. Based on this set-up, we obtain the superpotential for Yukawa interactions,
w = w5¯ + w10 + wD + wN , (1)
where w5¯, w10, wD and wN stand for the mass terms of down-type fermions, up-type quarks,
Dirac- and Majorana-type of neutrinos respectively.
At first, wD and wN are written as follows:
wD =y
DFNH5, (2)
wN =y
N
1
NNφS + y
N
2
NNξ + yN
3
NNξ′. (3)
We note that they are same as the neutrino mass terms shown in the previous work [28] whose
predictions are consistent with the current neutrino oscillation experiments [11] within 3σ error.
T1 T2 T3 F N H5 H5¯ H24 φT φS ξ ξ
′ Θ φT
0
φ0S ξ0
SU(5) 10 10 10 5¯ 1 5 5¯ 24 1 1 1 1 1 1 1 1
A4 1 1
′′ 1′ 3 3 1 1 1 3 3 1 1′ 1 3 3 1
Z3 ω
2 ω2 ω2 ω ω2 1 1 1 1 ω2 ω2 ω2 1 1 ω2 ω2
U(1)FN 3 2 0 0 0 0 0 0 0 0 0 0 -1 0 0 0
U(1)R 1 1 1 1 1 0 0 0 0 0 0 0 0 2 2 2
Table 1: The charge assignment of SU(5), A4, Z3, U(1)FN and U(1)R for all the relevant
particles of our model (ω = e2pii/3).
2
The mass terms of charged leptons and down-type quarks are written in a unified form as
w5¯ = (y
5¯
3
+ y24
3
H24
Λ
)FT3H5¯
φT
Λ
+ (y5¯
2
+ y24
2
H24
Λ
)FT2H5¯
φT
Λ
Θ2
Λ2
+ (y5¯
1
+ y24
1
H24
Λ
)FT1H5¯
φT
Λ
Θ3
Λ3
. (4)
It leads to a diagonal mass matrix if the VEV of φT is same as the previous works’ in accordance
with the multiplication rule of A4 shown in Appendix A. The VEV of 24-dimensional adjoint
Higgs H24 realizes different mass eigenvalues for the charged leptons and down-type quarks. The
observed mass hierarchy is realized by FN field Θ coupled in different orders for each term.
We also note that the previous work [28] require the charged lepton mass matrix to be
diagonal. Moreover, we can obtain the same VEV alignments for φS and φT as the previous
work, which is shown in the next section. Therefore, we predict the same lepton mixing matrix,
Pontecorvo-Maki-Nakagawa-Sakata(PMNS) matrix, as the previous works’ and we do not discuss
the lepton mixing in the following.
The mass term of up-type quarks is obtained as follows:
w10 =(y
5
11 + y
24
11
H24
Λ
)T1T1H5
ξ
Λ
Θ6
Λ6
+ (y522 + y
24
22
H24
Λ
)T2T2H5
ξ
Λ
ξ′2
Λ2
Θ4
Λ4
+ (y533 + y
24
33
H24
Λ
)T3T3H5
ξ′
Λ
+ (y512 + y
24
12
H24
Λ
)T1T2H5
ξ′
Λ
Θ5
Λ5
+ (y5
13
+ y24
13
H24
Λ
)T1T3H5
ξ
Λ
ξ′2
Λ2
Θ3
Λ3
+ (y5
23
+ y24
23
H24
Λ
)T2T3H5
ξ
Λ
Θ2
Λ2
.
(5)
We can reduce it by introducing new parameters, such as yu
11
, yu
12
,. . . , to the following form:
w10 =y
u
11T1T1H5
ξ
Λ
Θ6
Λ6
+ yu22T2T2H5
ξ
Λ
ξ′2
Λ2
Θ4
Λ4
+ yu33T3T3H5
ξ′
Λ
+ yu12T1T2H5
ξ′
Λ
Θ5
Λ5
+ yu13T1T3H5
ξ
Λ
ξ′2
Λ2
Θ3
Λ3
+ yu23T2T3H5
ξ
Λ
Θ2
Λ2
.
(6)
In addition to Θ, the VEVs of ξ and ξ′ contribute the quark mixing matrix. We note that the
VEVs of ξ and ξ′ determined in the quark sector do not affect on the lepton mixing because of
the freedom of reparametrization of Yukawa couplings in the neutrino sector. Therefore, we can
discuss the quark mixing and masses independently from the neutrino sector whose results are
consistent to the current experimental data of neutrino oscillations.
2.2 Potential analysis
In order to obtain finite fermion masses, the scalar fields coupled to fermions must have non-
zero VEVs. In this section, we show a derivation of required VEVs with the following potential
analysis. We denote the superpotential for the scalar fields of our present model as wd and write
it in two parts:
wd ≡ wTd + wSd , (7)
where
wTd = −M(φT0 φT )1 + gφT0 (φTφT )3,
wSd = g1φ
S
0
(φSφS)3 + g2(φ
S
0
φS)1ξ + g
′
2
(φS
0
φS)1′′ξ
′ + g3(φSφS)1ξ0 − g4ξ0ξξ.
(8)
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The scalar fields appeared above obtain their VEVs at the point where the scalar potential is
minimum. We denote the scalar potential as V and separate it into two parts: V = VF+VD, where
VF and VD are the scalar potential of F - and D- terms respectively. The F - term, VF = VT +VS,
is given by
VT =
∑
X
∣∣∣∣∂wTd∂X
∣∣∣∣
2
=
∣∣∣∣−MφT1 + 23g(φ2T1 − φT2φT3)
∣∣∣∣
2
+
∣∣∣∣−MφT3 + 23g(φ2T2 − φT3φT1)
∣∣∣∣
2
+
∣∣∣∣−MφT2 + 23g(φ2T3 − φT1φT2)
∣∣∣∣
2
+
∣∣∣∣−MφT01 + 23g(2φT01φT1 − φT03φT2 − φT02φT3)
∣∣∣∣
2
+
∣∣∣∣−MφT03 + 23g(2φT02φT2 − φT01φT3 − φT03φT1)
∣∣∣∣
2
+
∣∣∣∣−MφT02 + 23g(2φT03φT3 − φT02φT1 − φT01φT2)
∣∣∣∣
2
,
(9)
and
VS =
∑
Y
∣∣∣∣∂wSd∂Y
∣∣∣∣
2
=
∣∣∣∣23g1(φ2S1 − φS2φS3)− g2φS1ξ + g′2φS3ξ′
∣∣∣∣
2
+
∣∣∣∣23g1(φ2S2 − φS3φS1)− g2φS3ξ + g′2φS2ξ′
∣∣∣∣
2
+
∣∣∣∣23g1(φ2S3 − φS1φS2)− g2φS2ξ + g′2φS1ξ′
∣∣∣∣
2
+
∣∣g3(φ2s1 + 2φS2φS3)− g4ξ2∣∣2
+
∣∣∣∣23g1(2φS01φS1 − φS03φS2 − φS02φS3)− g2φS01ξ + g′2φS03ξ′ + 2g3φS1ξ0
∣∣∣∣
2
+
∣∣∣∣23g1(2φS02φS2 − φS01φS3 − φS03φS1)− g2φS03ξ + g′2φS02ξ′ + 2g3φS3ξ0
∣∣∣∣
2
+
∣∣∣∣23g1(2φS03φS3 − φS02φS1 − φS01φS2)− g2φS02ξ + g′2φS01ξ′ + 2g3φS2ξ0
∣∣∣∣
2
+
∣∣−g2(φS01φS1 + φS03φS2 + φS02φS3)− 2g4ξξ0∣∣2
+
∣∣g′2(φS02φS2 + φS01φS3 + φS03φS1)∣∣2 .
(10)
The sum for X, Y runs over all the scalar fields of our present model:
X ={φT01, φT02, φT03, φT1, φT2, φT3},
Y ={φS01, φS02, φS03, ξ0, φS1, φS2, φS3, ξ, ξ′}.
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The F -terms VF is minimized at VT = VS = 0, which is realized by the following VEV alignments
1:
〈φT 〉
Λ
= vT

10
0

 , 〈φS〉
Λ
= vS

11
1

 , 〈ξ〉
Λ
= u,
〈ξ′〉
Λ
=
g2
g′
2
u, 〈φT
0
〉 = 〈φS
0
〉 =

00
0

 , (11)
where we have defined the coefficients in front of triplet VEV alignments as
vT ≡ 3M
2g
, vS ≡
√
g4
3g3
u. (12)
The VEV of Θ is generated in the minimization of D-terms:
VD =
1
2
(M2FI − gFN |Θ|2)2,
〈Θ〉
Λ
= ± MFI√
gFNΛ
≡ λ. (13)
Finally, the VEVs of Higgs fields are
〈H5〉 =


0
0
0
0
vH
5

 , 〈H5¯〉 =


0
0
0
0
vH
5¯

 , 〈H24〉 = vdiag[2, 2, 2,−3,−3], (14)
where vH
5
≡ vu/
√
2 and vH
5¯
≡ vd/
√
2 satisfy
√
v2d + v
2
u = 174GeV.
2.3 Mass matrix
We construct the mass matrices for quarks and charged leptons based on the superpotentials for
their mass terms in Eqs. (4) and (6) in the vacuum of Eqs. (11) and (13)-(14). We calculate them
according to the multiplication rule of A4 shown in Appendix A. The mass matrix of up-type
quarks is symmetric:
Mu = v
H
5

yu11uλ6 yu12u′λ5 yu13u′2λ3yu
22
u′2λ4 yu
23
uλ2
yu33u
′

 . (15)
The mass matrix for down-type quarks and charged leptons is diagonal:
Md = v
H
5¯
vT

(y5¯1 + αy241 )λ3 (y5¯
2
+ αy24
2
)λ2
(y5¯3 + αy
24
3 )

 , (16)
where y24i is redefined in this equation as vy
24
i /Λ → y24i . Therefore, the coefficient α takes
different values in accordance with the VEV of H24 in Eq. (14) as follows:
α =
{
2√
30
for down-type quarks
− 3√
30
for charged leptons
. (17)
It make the mass eigenvalues of charged leptons and down-type quarks different.
1 There are still other solutions for VF = 0 where all the components of φT or (φS , ξ, ξ
′) vanish. The latter
case is realized by u = 0. The vanishing of φT or (φS , ξ, ξ
′) leads to the vanishing of down type fermion masses or
seesaw neutrino masses respectively. Apart from such non-realistic solutions, there are some solutions for VF = 0
with non-zero VEVs of the driving fields. This case leads to the breakdown of U(1)R symmetry. In this paper,
we only discuss the case where U(1)R symmetry is conserved.
5
3 Quark mixing and mass ratio
We show how to predict the quark mixing and masses. We start our analysis with an assumption
for the sake of simplicity: the VEVs such as u, u′(≡ g2u/g′2), λ are real and fixed to
u = u′ = 0.5, λ = 0.22. (18)
Therefore, there are 12 free complex parameters which contribute to fermion mass ratio and
mixing matrix: Yukawa coupling constants, y5¯i , y
2¯4
i and y
u
ij (i, j = 1, 2, 3). In our analysis, we
consider the case with tanβ ≡ vu/vd = 50 for the validity of the prediction of the neutrino sectors
in the present model2. We comment on the proton decay through the dimension 5 operator. It
is known that the fast proton decay can be realized for large tanβ in the SUSY SU(5) GUT
model [29]. However, proton decay operator FTTT is prohibited by U(1)R symmetry.
We have found a parameter set which leads to a consistent prediction with experiments.
Our numerical results we show in the following are based on a parameter set listed in Table 2.
Hierarchical values for down-type Yukawa coupling constants are required in order to realize the
yu11 −0.831− i0.417
yu
12
0.278− i0.615
yu13 −0.704 + i1.025
yu
22
0.554 + i0.309
yu
23
−0.794− i0.282
yu33 −0.775 + i0.632
y5¯1 0.050− i0.002
y5¯
2
−0.298 + i0.545
y5¯3 0.025− i0.943
y24
1
0.086 + i0.042
y24
2
0.136− i0.952
y243 0.999 + i0.039
Table 2: A parameter set used for the numerical results shown in this paper. Yukawa
parameters in the left panel contribute to the up-type quark mass matrix. The
right to the down-type quarks and charged lepton.
global fit data of running mass ratios among down-type quarks as well as charged leptons at GUT
scale [7]. On the other hand, up-type Yukawa coupling constants are allowed for non-hierarchical
values. The predicted fermion mass ratios at GUT scale are listed in Table 3 but for neutrinos.
These results are consistent with the global fit [7] for tan β = 50 case.
md/ms ms/mb mu/mc mc/mt me/mµ mµ/mτ
0.057 0.0153 0.0033 0.0023 0.0050 0.0499
Table 3: The predicted running mass ratio at GUT scale obtained from the parameter sets
in Table 2.
Next, we show the predicted CKM matrix. The CKM matrix is parametrized by three mixing
2 The numerical analysis of the neutrino sector refers to Ref. [28] where the predictions are consistent with
the observed data at the low energy scale. Although our model should be analyzed at the GUT scale, we don’t
discuss the quantum corrections for the neutrino sector in this paper.
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angles θij and one CP violating phase δCP as follows:
VCKM =

 c12c13 s12c13 s13e−iδCP−s12c23 − c12s23s13eiδCP c12c23 − s12s23s13eiδCP s23c13
s12s23 − c12c23s13eiδCP −c12s23 − s12c23s13eiδCP c23c13

 . (19)
where cij and sij denote cos θij and sin θij , respectively. We obtain the following CKM matrix
from the parameter set of Table 2.
VCKM =

−0.841− i0.492 0.080− i0.210 −0.0027 + i0.0032−0.085− i0.208 −0.827 + i0.513 0.036 + i0.019
0.0039− i0.0054 −0.026− i0.032 0.335− i0.941

 . (20)
This is rewritten in accordance with the parametrization of Eq. (19) by a suitable rephasing
operation as
VCKM =

 0.974 0.225 0.00073− i0.00418−0.172− i0.144 0.746 + i0.625 0.041
0.0063 + i0.0018 −0.031− i0.027 0.999

 . (21)
It leads to δCP = 80.1
◦. The absolute value of CKM is
|VCKM | =

 0.974 0.225 0.00420.224 0.973 0.041
0.0066 0.041 0.999

 . (22)
We can see that the predicted CKM matrix elements are similar to its experimental data of at
low energy scale.
It is useful to discuss CP violation with the rephasing invariant CP violating measure, the
Jarlskog invariant [30]. It is defined by the CKM matrix elements Vαβ. It is also written in terms
of the mixing angles and the CP violating Dirac phase as
JCP = Im [VudVcsV
∗
usU
∗
cd] = s23c23s12c12s13c
2
13
sin δCP . (23)
It is predicted to be JCP = 2.445, which is also consistent with the global fit of [7] for tanβ = 50.
4 Summary
We have investigated a model with A4 flavor symmetry with Z3, U(1)FN and U(1)R symmetries
in the SUSY SU(5) framework. It is required to modify A4 flavor models in light of the latest
experimental data of both quark and lepton mixings. In our model, the 24-dimensional adjoint
Higgs multiplet, H24, makes a difference between masses of down-quarks and charged leptons.
Moreover, a FN field, Θ, realizes the observed fermion mass hierarchy. The flavons, φT , φS, ξ
and ξ′, are also introduced in order to realize the required neutrino oscillation parameters. Since
ξ and ξ′ are coupled to the quarks not only to the leptons, these VEVs contribute to the CKM
parameters too. We have analyzed the VEVs of those scalar fields by the potential analysis and
confirmed that we can obtain the required VEV alignment for flavor mixing. In the numerical
calculation, we have fixed the VEVs of ξ, ξ′ and Θ by hand.
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We have shown the numerical result of quark mixing and mass ratios of quarks and charged
leptons at GUT scale (∼ 1016 GeV). Our result is consistent with the global fit data of running
mass ratios among the quarks as well as charged leptons. We have also shown the predicted
CKM parameters and confirmed that the predicted CKM matrix is similar to its experimental
data of at low energy scale. The Jarlskog invariant JCP is also consistent with the data at GUT
scale for tanβ = 50.
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Appendix
A Multiplication rule of A4 group
We use the multiplication rule of the A4 triplet as follows:
a1a2
a3


3
⊗

b1b2
b3


3
= (a1b1 + a2b3 + a3b2)1 ⊕ (a3b3 + a1b2 + a2b1)1′
⊕ (a2b2 + a1b3 + a3b1)1′′
⊕ 1
3

2a1b1 − a2b3 − a3b22a3b3 − a1b2 − a2b1
2a2b2 − a1b3 − a3b1


3
⊕ 1
2

a2b3 − a3b2a1b2 − a2b1
a3b1 − a1b3


3
,
1⊗ 1 = 1 , 1′ ⊗ 1′ = 1′′ , 1′′ ⊗ 1′′ = 1′ , 1′ ⊗ 1′′ = 1 . (24)
More details are shown in the review [2, 3].
B Model parameters of down-type
We can reduce the degree of freedom of the model parameters by inputting the observed values
of fermion mass ratios at the GUT scale. We show some relations among model parameters of
the mass matrix in Eq. (16) and the mass ratios for down-type quarks as well as that for the
charged leptons. At first, we introduce new parameters ki and parametrize the following Yukawa
couplings as:
y5¯i = yie
iφ5¯
i , yi ≡ |y5¯i |, y24i = kiyieiφ
24
i , ki ≡ |y24i |/|y5¯i |. (25)
By use of the parameters, the ratios of eigenvalues of the mass matrix in Eq. (16) are written in
the following forms:(
m1
m2λ
)2
=
y2
1
y22
|1 + αk1eiφ1|2
|1 + αk2eiφ2|2 ,
(
m2
m3λ2
)2
=
y2
2
y23
|1 + αk2eiφ2 |2
|1 + αk3eiφ3 |2 , (26)
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where the lower indices denote the flavors and φi ≡ φ24i − φ5¯i . They can be rewritten for the
down-type quarks and charged leptons as
(αdk2)
2 + 2αdk2 cos φ2 + 1 =
(
ms
mbλ2
)2
y23
y2
2
{
(αdk3)
2 + 2αdk3 cosφ3 + 1
}
, (27)
(αdk2)
2 + 2
α2d
αc
k2 cosφ2 +
α2d
α2c
=
α2d
α2c
(
mµ
mτλ2
)2
y23
y2
2
{
(αck3)
2 + 2αck3 cosφ3 + 1
}
, (28)
(αdk1)
2 + 2αdk1 cos φ1 + 1 =
(
md
msλ
)2
y2
2
y2
1
{
(αdk2)
2 + 2αdk2 cosφ2 + 1
}
, (29)
(αdk1)
2 + 2
α2d
αc
k1 cosφ1 +
α2d
α2c
=
α2d
α2c
(
me
mµλ
)2
y2
2
y21
{
(αck2)
2 + 2αck2 cosφ2 + 1
}
, (30)
where αd and αc denote the explicit value of α in Eq. (17) for down-type quarks and charged
leptons respectively. By subtracting the Eqs. (27) and (28), we can write k2 in terms of the
specific mass ratios and some free parameters, k3 and y
5¯
i as:
k2 =
1
5
√
30 cosφ2
[
−25
2
+
y23
y2
2
λ4
{
3
((
ms
mb
)2
−
(
mµ
mτ
)2)
k2
3
+
√
30
(
3
(
ms
mb
)2
+ 2
(
mµ
mτ
)2)
k3 cos φ3 +
(
45
2
(
ms
mb
)2
− 10
(
mµ
mτ
)2)}]
,
(31)
where the explicit values of αd and αc are substituted. In the same manner, we can write k1 in
terms of the specific mass ratios, k2 and y
5¯
i :
k1 =
1
5
√
30 cosφ1
[
−25
2
+
y22
y2
1
λ2
{
3
((
md
ms
)2
−
(
me
mµ
)2)
k2
2
+
√
30
(
3
(
md
ms
)2
+ 2
(
me
mµ
)2)
k2 cos φ2 +
(
45
2
(
md
ms
)2
− 10
(
me
mµ
)2)}]
.
(32)
Therefore, we can obtain the magnitudes of y24i automatically by inputting y
5¯
i and k3 with the
observed values of fermion mass ratios.
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